Abstract: An ultra-compact multimode waveguide crossing composed of a pair of asymmetric Yjunctions based on subwavelength structures is proposed and demonstrated with a footprint of 34 × 34 µm 2 , low insertion loss < 1.5 dB.
Introduction
Recently, mode-division multiplexing (MDM) on silicon-on-insulator (SOI) platform, as a more promising and attractive technology, provides an effective approach to further increase the transmission spectral efficiency and capacity of on-chip optical interconnect [1] . However, the ultra-compact multimode waveguide crossing, as one of the key building blocks in densely integrated photonic MDM systems, has been rarely addressed. Recently, selfimage effect of conventional multimode-interference (MMI) couplers has been utilized to realize the dual mode waveguide crossing [2] . Unfortunately, the severe self-image positions offset between the fundamental mode and first-order mode in conventional waveguide leads to a relatively large coupling length and complicate design process. Therefore, one may use symmetric Y-junction to convert high order modes to the fundamental modes to relax the subsequent processing [3] . However, the scheme is not suitable for implementing more modes.
In this paper, we propose a novel ultra-compact multimode waveguide crossing which could implement three or more modes simultaneously. The asymmetric Y-junction based on subwavelength (SW) structure is introduced to convert all the input N-order transverse electric (TEn) eiginmodes to N local fundamental modes to esae the subsequent processing, respectively. In our work, the three-mode waveguide crossing is utilized as a representative for example. Here, we have demonstrated, simulated and characterized the multimode waveguide crossing with a compact footprint of only 34 × 34 µm 2 , insertion losses (ILs) of <1.5 dB and crosstalks (CTs) of <-20 dB for all the modes over a wavelength range of 60 nm centered at 1560 nm.
Operation principle
Figure 1(a) shows the operation principle for the multimode waveguide crossing. The proposed structure is composed of four SW structure asymmetric Y-junctions and a 3 × 3 waveguide crossing matrix based on MMI couplers on a SOI platform with 220 nm-thick silica-cladded top silicon layer. The asymmetric Y-junction based on PhC-like SW structure, which consists of 30 × 40 pixels is designed and optimized using the inverse design method, as shown in Fig. 1(b) [4] . It works as a mode convertor to make the TEn modes evolve into the corresponding fundamental modes, which could release the subsequent processing greatly. Therefore, the subsequent 3 × 3 crossing matrix only needs to be optimized and designed for the single mode. Part of the optimized crossing matrix is illustrated in Fig. 1(c) . According to the self-image effect of multimode interference, the N fold images of the TE0 could be periodically formed at the center of the waveguide crossings [5] . At the output port, a mirrored asymmetric Y-junction is also employed to reconvert the fundamental modes to corresponding TEn modes. In this way, a compact three-mode waveguide crossing is designed and occupies the footprint of only 34 × 34 µm 2 . 
Simulation results
3D finite-difference time-domain (FDTD) simulation is utilized to evaluate the performance of the proposed multimode waveguide based on the SW structure asymmetric Y-junction. The magnetic field distributions at 1560 nm wavelength for TE0, TE1 and TE2 are illustrated in Fig. 2 (a)-2(c), respectively. As we can see, the asymmetric Yjunction converts the TEn modes to the corresponding local fundamental modes to release the subsequent processing. The simulated spectra transmission for TE0, TE1 and TE2 injected in the input waveguide are presented in Fig. 3 (e)-3(f), respectively. The simulated ILs for TE0, TE1 and TE2 are less than 1.5 dB and the CTs for all the modes are lower than -20 dB from 1520 to 1580 nm, respectively. 
Conclusion
In summary, we have proposed and demonstrated a multimode waveguide crossing based on the subwavelength structure asymmetric-Y junction with an ultra-compact footprint of only 34 × 34 µm 2 . The simulated results exhibits a high performance with ILs of < 1.5 dB and CTs of <-20 dB for all the modes over an operating bandwidth of 60 nm centered at 1560 nm. The proposed device would show great potential for densely integrated photonic MDM system applications. Furthermore, the method of converting higher order modes to the fundamental mode may offer an attractively approach to implement on-chip multimode signal processing simultaneously.
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